The density functional calculations presented here elucidate the nature of the interaction between the Co atom and dimer with a polyaromatic hydrocarbon (PAH). The results are analyzed in terms of structural, electronic and magnetic properties. The bonding character of the Co atom and dimer adsorbed on the PAH exhibits a strong covalent bonding, arising from a hybridization between the d orbitals of Co and the p z orbitals of the carbon atoms, which cause an in-plane distortion in the PAHs. A small charge transfer takes place from the Co atom and dimer to the PAH surface, which creates a positive charge on the metal atoms and thereby change their catalytic activity. Upon adsorption, the magnetic moment of the Co adatom is reduced depending on the adsorption site. For the perpendicular Co dimer to the PAH plane, the projected magnetic moment of the Co atom further from the PAH is increased, which is due to antiferromagnetic coupling between the Co atoms in this configuration. Density of state analysis shows that the main contribution of magnetic moment reduction is due to promotion of electrons from the 4s states to the 3d states of the Co adatom upon adsorption.
Introduction
Graphene is a two-dimensional honeycomb lattice [1] [2] [3] with superior properties such as high surface area, 4 linear dispersion of electronic states at the Fermi level, 5 semiconductor with zero bandgap, 6 superior electric conductivity and high thermal stability 7 which makes this material very attractive for many different potential applications ranging from future electronics to sensitive gas sensors. 8 Graphene has also attracted great attention as a support material for transition metal clusters, [9] [10] [11] [12] [13] [14] [15] [16] [17] since it is sufficiently inert and does not change the physi-cal and chemical properties of the transition metal clusters by too much, but on the other hand it can stabilize the metal particles, increase the surface-tovolume ratio and therefore the catalytic activity of metal clusters. Transition metal (TM) clusters have been the subject of intense efforts to adapt them for a variety of promising applications in different areas of nanotechnology from heterogeneous catalysis [18] [19] [20] [21] to nano-magnetic devices. [22] [23] [24] There are several theoretical and experimental efforts devoted to understanding the structural, electronic, and magnetic properties of TM clusters. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In particular, Co clusters are one of the most important examples due to their magnetic properties [31] [32] [33] [34] [35] [36] and their importance in the Fischer-Tropsch (FT) process. [37] [38] [39] [40] Due to the high activity and long life time, 36 cobaltbased catalyst is currently the catalyst of choice for the conversion of syngas to liquid fuels in the FT process. Cobalt and cobalt-oxide nanoparticles on graphene can catalyze the oxygen reduction reaction nearly as well as platinum does and is substantially more durable. 41 Hence, more effort is needed to improve the efficiency and catalytic activity of these catalysts. Analysis of the interaction between the atoms at the interface is essential for gaining a better insight of the properties of these catalysts on the atomic level. The interfaces between TMs and graphene have been investigated widely. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] For example, we have recently studied the interactions between the Pt adatom and dimer and PAH surface, where it turns out that the electron transfer between the metal and the surface is substantial. 42, 59 We have shown that the magnitude of charge transfer and the adsorption energy of the Pt atoms and dimers bound to PAH depend upon the adsorption site and adsorption configuration. Sevinçli et al. 14 investigated the electronic and magnetic properties of graphene and graphene nanoribbons functionalized by 3d TM atoms. They found that 3d TM atoms can be adsorbed on graphene with binding energies ranging between 0.10 and 1.95 eV depending on the species and coverage density. The structural and electronic properties of zigzag graphene nanoribbon (ZGNR) with the adsorption of Co and Ni have been investigated by Wang et al. 52 and they found that the interaction between the Ni atom and the ZGNR is stronger than the interaction for the Co atom. By using scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy, Müller et al. investigated Pt clusters on the basal plane of highly oriented pyrolytic graphite. 48 While Rigo et al. 60 and Chan et al. 11 suggested a chemisorption between the 3d TMs and the graphene surface, Johll et al. 10 discussed physisorption of TM clusters on graphene. These investigations mostly focus on the stability, energetic and magnetic properties of TMs adsorbed on the graphene surface. One of the most important aspects in the chemistry of the TMgraphene interface, which is still to a large extent unexplored, is tailoring the spin state and electronic structure of TM clusters on the graphene surface. Therefore, this paper is also devoted to investigate the spin state and electronic structure changes by adsorbing the Co atom and dimer on the PAH surface. Density functional theory (DFT) is a successful approach for the description of the ground-state properties of TMs and also study their interaction with graphene surface at the atomistic level. [11] [12] [13] [14] [15] [16] [17] When considering this type of interaction, however, the effect of dispersion forces becomes important. [61] [62] [63] [64] [65] [66] Grimme's dispersion correction 67, 68 has been demonstrated to successfully stabilize the adhesion of a graphene layer on a Ni(111) substrate 69 and adsorption of Pt atom and dimer on graphene surface. 42 Furthermore, for a correct description of heavier elements with Z ≥ 20, relativistic effects become important. 70, 71 Hence, the scalar and full ZORA approches are used to treat relativistic effect. [72] [73] [74] [75] [76] [77] Graphene is an ideal system whereas real systems include defects, and therefore a realistic description of the adsorption of the Co atom and dimer on the graphene needs a proper model to represent the graphene surface. Polyaromatic hydro-carbons (PAHs) have been successfully utilized as model systems for graphene 42, 59, [78] [79] [80] and are considered as model structures for the adsorption of the Co atom and dimer on graphene in this study since bonding to PAHs represents a model for binding to the π system relatively near defects in a real graphene material. Therefore, in this study the stability, electronic and magnetic properties of Co adatom and dimer adsorbed on PAH surface at several different adsorption sites and for different spin states are investigated. Furthermore, to elucidate the nature of these interactions, we analyzed the density of states obtained from spin-polarized DFT calculations.
Computational details
In the present work, calculations have been carried out by the Amsterdam Density Functional (ADF) code. 81, 82 All calculations were performed with the ZORA approach to include relativistic effects and spin-obit coupling effects were also studied using the fully relativistic ZORA approach. The S12g functional 83 is used as the exchangecorrelation functional, which is the successor of the Swart-Solà-Bickelhaupt (SSB-D) functional, 84, 85 correcting some shortcomings of the SSB-D functional in the exchange part and it also includes a more recent dispersion correction (Grimme's D3). 86 Its performance for spin states of transition metal complexes is well documented. 83, 87 For comparison, the Perdew-Burke-Ernzerhof (PBE) functional 88 has also been employed in our study. The molecular orbitals (MOs) are expanded in an uncontracted set of Slater-type orbitals (STOs) and Slater-type functions are substantially more diffuse than a corresponding Gaussian type basis set and give consistent and rapidly converging results, which may be related to the cusp at the nuclei that is correctly described by STOs. 89 Since some orbitals become almost linearly dependent, a few orbitals are removed during the calculation.
Polyaromatic hydrocarbons (PAH) were chosen to model a graphene surface because of the similarity of the electronic structure between the graphene 90, 91 and the PAHs. [92] [93] [94] To find a representative size for predicting the adsorption energy of the Co atom, different PAHs were tested. The size of molecules ranges from benzene (C 6 H 6 ) to circumcircumpyrene (C 80 H 22 ) (see Fig. 1 ). Finally, the C 54 H 18 molecule (circumcoronene) is selected as a suitable model. Geometry optimizations were performed with the Broyden-Fletcher-Goldfarb-Shanno (BFGS) 95 algorithm with a convergence criterion of 10 −6 a.u. on the energy and the charge density. In the geometry optimizations, we first impose constraints for the x and y coordinates of the Co atom and dimer to keep them in the expected binding site and relaxing the distance along the z-axis (perpendicular to the PAH plane). Then the geometry was relaxed without constraints to find the most stable geometry. Moreover, a frequency analysis was carried out to ensure that the stationary points are either minima (only real frequencies) or transition states (one imaginary frequency). The relative stability of Co n -PAH complexes are determined by the adsorption energies, in which a more negative value of the adsorption energy indicates a stronger binding of the adatom to the PAH surface. The adsorption energy, E ads , is thus defined as
where E Co n /PAH , E PAH and E Co are the ground state energies of the Co n /PAH system, the PAH molecule and an isolated Co atom, respectively. We also defined the interfacial interaction energy, E int , as
where E Co 2 is the total energy of the Co dimer in the gas phase. The interfacial interaction energy measures the interaction energy of the dimer with the PAH surface, and consists of a negative contribution from the energy gained by forming Co 2 -PAH bonds and positive contributions from the distortions of both the Co dimer and the PAH molecule. The basis-set superposition error (BSSE) was included using the counterpoise method. 96 To check the effect of the electronic structure on Co-PAH interactions, several spin states for the Co n -PAH (n = 1, 2) complex are studied with the S12g functional, which has been demonstrated to be successful for describing spin states of transition-metal complexes. 83, 87 Many standard density functionals fail to predict the spin ground-state of transitionmetal complexes 97 and the S12g functional was specifically designed to do well in this respect. 83 The spin state is denoted with the spin multiplicity, 2S + 1, which is for example, 1 for a singlet state, 2 for a doublet state and 3 for a triplet state and so on. The degree of spin contamination for a spin-unrestricted calculation is checked by evaluation of the < S 2 > values, which ideally should be S(S + 1) and thereby 0.00 for a singlet, 0.75 for a doublet, 2.00 for a triplet, 3.75 for a quartet, 6.00 for a quintet and 12.00 for a septet state. The atomic charges are calculated by the Hirshfeld charge analysis 98, 99 which is evaluated by numerical integration in ADF, and appear to be reliable and not very sensitive to basis set effects. 81 Mulliken population analysis 100,101 is used to estimate the average spin density in order to determinate the contribution of each Co atom to the total magnetic moment.
Results and Discussion
Basis set study
To select a proper basis set to describe our system, we did a basis set study using different basis sets and the S12g functional on the Co-coronene complex (See Table 1 ). The coronene molecule has been successfully used as a graphene model in several theoretical investigations. [78] [79] [80] According to our basis set study, the QZ4P basis set, 102 which has triple-quality in the core and quadruple-quality in the valence orbitals, and containing four sets of polarization functions, is needed to describe the Co atom, and the TZ2P basis set 102 which has double-quality in the core and triple-quality in the valence orbitals and containing two sets of polarization functions, is sufficient to describe the C and H atoms. The 1s core shell is kept frozen for the C atoms to speed up the calculations without affecting the accuracy of the results. Basis set super position error is used to test the convergence of the basis set, which is small (0.07 eV) for the selected basis set, TZ2P.1s/QZ4P. To investigate the contribution of relativistic effects in our calculations, we studied the adsorption of a single Co atom on the C 24 H 24 molecule, using the scalar relativistic ZORA and the nonrelativistic approach. The calculated adsorption energy using the S12g functional and the TZ2P basis set, is −0.82 eV for the scalar relativistic ZORA approach, and −1.15 eV for the non-relativistic approach, respectively, indicating that relativistic effects are significant for the adsorption of the Co atom on the PAH surface. Therefore, the ZORA approach is included in this work.
Cobalt atom and dimer
Before discussing the geometric and electronic structure of the Co n -PAH complexes, we first evaluate briefly the electronic structure of the Co atom and dimer since their characteristics have major influence on the properties of the Co n -PAH complex. We also compare our results with the available experimental data and previous theoretical reports on the Co atom and dimers to validate how well our calculations estimate the binding energy, bond length, magnetic moment and ionization potential for the Co atom and dimer (see Table 2 ). We have not found any experimental bond length for the Co dimer, except for an estimated bond length of 2.31Å from the Pauling radii. 104 Our calculated bond length for the ground state of the Co dimer is 1.96Å for both the S12g and PBE functionals, which is in between the experimental values obtained for the Fe 2 and Ni 2 112,113 and within the range of 1.95−2.41Å for different computational methods. [105] [106] [107] [108] [109] The effects of the spin-orbit coupling are also studied for the Co dimer using a full relativistic ZORA approach. The equilibrium bond distance is calculated for 1.96Å, as in the scalar relativistic approach, and the binding energy and IP are calculated to 2.48 and 6.83 eV, respectively, in agreement with the scalar ZORA approach. The projected electronic configuration and magnetic moment on each Co atom are calculated for 4s 1.04 3d 7.85 4p 0.09 and 2 µ B , respectively. However, there is no differences in the structural properties and small differences in the energetic and electronic properties of the dimer using the scalar and full ZORA relativistic approaches. Therefore to reduce the computational time we use the scalar approach in the remaining part of this work. The bonding in transition-metal dimers can be de- Table 2 Relative energy (E rel , the energy relative to the lowest spin-state), binding energy (E b ), equilibrium bond lengths (R e ), ionization potential (IP), magnetic moments on atoms (µ M ) and effective atomic electronic configurations for different spin multiplicities (2S + 1) of the Co atom and dimer. The binding energy is computed for E b = 2E Co − E Co 2 and the negative value indicates an unstable spin state for the Co dimer. Ref.
[104] f 6.29±0. 16 Ref.
[114] g a GGA calculations using the exchange gradient correction of Perdew and Wang and the correlation gradient correction proposed by Perdew.
b Self-consistent spin polarized non-local generalized gradient approximation. c Second-order Møller-Plesset perturbation theory.
d Multireference single-and double-configuration interaction molecularorbital theory. e The collision-induced dissociation experiment. f Using information derived from a combination of effusion and mass-spectrometric techniques. The equilibrium bond length is estimated based on Pauling radii. g A procedure for the determination of metal cluster IPs using excimer laser lines.
scribed as a multiple bond formed between two atoms in a d n s state. 115 The Mulliken population analysis using the S12g functional gives a charge distribution of 4s 1.00 3d 7.92 4p 0.07 for each Co atom in the neutral dimer which indicates that 3d orbitals participate in the bonding. This is in agreement with Jamorski et al. 107 where they suggest a triple bond for the Co dimer using the Mayer bond order analysis. 116 For carbon compounds, the results from bond order analysis can be explained by molecular orbital analysis as well, because of their covalent nature, but for the metal-metal bonding, because of orbital mixing, the situation is more complicated.
Graphene model
As seen in Fig. 1 , eight molecules consisting of benzene, naphthalene, anthracene, coronene, circumanthracene, circumcoronene, circumovalene and circumcircumpyrene are used for modeling a part of a graphene sheet. The adsorption energies and the bond length of the Co-C bond for these PAH molecules are shown in Table 3 . To find the adsorption energy of the Co atom, the Co atom is placed on the center of hexagonal ring (hollow site), which is the most favorable position for the Co atom. 117, 118 The geometrical parameters of the PAHs were fully relaxed during the optimization. There is a notable correlation between the PAH size and the adsorption Figure 1 Molecules used in this study to represent the graphene sheet. The blue, brown and the pink circles indicate the Co, C and the H atoms, respectively.
energy. As observed from the Table 3 , the adsorption energy tends to converge after circumcoronene (C 54 H 18 ), and the size of this PAH molecule is sufficiently large in which the changes in the adsorption energy and Co-C bond distance are small. Therefore, the circumcoronene molecule was employed as the model for representing the graphene surface in this study. Indeed, this hexagonal nano-flake has attracted great interest with respect to its interesting properties like electronic absorption spectra, 119 and it has been successfully applied for modeling graphene in previous theoretical work. [120] [121] [122] [123] [124] Several theoretical studies have focussed on acenes [125] [126] [127] and oligoacenes [128] [129] [130] [131] [132] using DFT and ab-initio methods. However, because of the polyradical character of oligoacenes, 125, 126 the spin ground state of these molecules have to be checked. Singlet-triplet (S-T) excitation energies give valu- 137 The first S-S and S-T excitation energies were calculated to 1.94 and 1.77 eV, respectively. The positive S-T splitting indicated that the system maintains a singlet ground state character for this computational level. We also did a geometry optimization of the triplet state of the PAH (assuming that the triplet state would be just above the open-shell singlet state if the singlet di-or poly-radical is the ground state) and found that the triplet state is 1.69 eV higher than the closed-shell singlet state. Furthermore, we also investigated the open-shell singlet state using the spin-flip approach 138 and found that the closedshell singlet state is only 0.006 eV higher than the open-shell singlet state. Still, the spin ground-state needs to be verified for each PAH system studied. To better understand the electronic structure of the PAH molecule, we also studied the density of state (DOS). The DOS plotted in Fig. 2 shows the total density of state (TDOS) of the PAH molecule and the partial density of states (PDOS) for the C and H atoms. states at the Fermi energy, as for a single graphene sheet. 139 The majority (spin up) and minority (spin down) states of the PAH molecule are completely symmetric resulting in zero net magnetic moment. It has been presented in the literature that adsorption of H atom on graphene lattice can induce a magnetic moment about 1µ B , and possibly to be ferromagnetic when two H atoms are located on the same sublattice of graphene, [140] [141] [142] but a pair of hydrogen atoms that are located on the different sublattices of graphene cannot induce magnetic moment. 143, 144 The Fermi level is moved upward from the graphene Dirac point, 145 due to electron transfer from H atoms, which saturating the open ends of the sheet. Fig. 2b shows the individual contributions from the C and H atoms of the PAH surface. The PDOS of the C atoms are more like the electronic structure of the graphene sheet, but overlap between the states of C and H atoms create a gap in the Dirac point of the C sheet, which appears in the TDOS of the PAH molecule.
Cobalt atom on the PAH surface
We consider the binding of the Co atom on three highly symmetric adsorption sites: the top site, above a carbon atom, the bridge site, between two neighboring carbon atoms, and the hollow site, surrounded by six carbon atoms (see Fig. 3 ). There are several possibilities and initially we looked at many more adsorption configurations, but we only present three positions as representative of bridge, top and hollow sites. The adsorption energies, Co-C bond distances, magnetic moment on the Co atom and the Hirshfeld atomic charge for the Co atoms for different spin states and for the three structures in Fig. 3 are given in Table 4 . The Co-C bond distance is the average distance between the Co atom and its nearest carbon atoms for the bridge and hollow sites since the structures are not entirely symmetric. The most stable configuration for the binding of the Co atom to the PAH surface is the hollow site, followed by the bridge and the top sites, respectively. The results are based on fixing the position of the Co adatom along the x-and y-axes, i.e. in the surface plane, and relaxing the distance along the z-axis (perpendicular to the PAH surface). However, after a complete relaxation of geometry, the Co adatom moves across the top and bridge sites toward the hollow site, showing the bridge and top sites may not be minimum points on the potential energy surface. To identify the nature of the stationary points, the vibrational frequencies are computed. There is no imaginary frequency for the hollow configuration, showing it is a minimum on the potential energy surface. A single imaginary frequency of −66.89 and −76.50 cm −1 for the bridge and top configurations, respectively, indicate that they are not minima on the potential energy surface. This is in agreement with calculations by Jiménez-Halla et al. for the interaction of Cr(CO) 3 on a PAH fragment. 146 They found that the hollow site is a minimum and that the bridge and top sites are transition states. Yazyev and Pasquarello 117 examined trends across the TM series and found that adsorption in a hollow site to be favored for most of the TMs, with the exception of the Ir, Pd, and Pt where the bridge site is favored. Dai et al. 118 also found adsorption to the bridge site to be favored for Pt clusters on a graphene surface. It seems like the hollow site is the preferred site for TM atoms with a partially filled d shell, while the bridge site is the most stable site for TM atoms with a filled or an almost filled d shell.
The adsorption of TMs on graphene differs from the adsorption of monovalent or closed-shell adsorbates, since the ground-state electronic structure of TMs undergoes several transitions upon adsorption. 78 In a previous work, 42 we found that when a single Pt atom approaches the PAH surface, its ground-state changes from triplet (5d 9 6s 1 ) to the closed-shell (5d 10 6s 0 ) singlet state. According to the results in Table 4 , for adsorption of the Co adatom on the PAH surface, the doublet state is the electronic ground state, which means that upon adsorption of a Co atom, its most stable electronic structure undergoes a transition from quartet state (3d 7 4s 2 configuration) to the doublet state (3d 9 4s 0 configuration). This transition can be explained by ligand field theory. 147 When a Co atom approaches the PAH surface the 4s occupation becomes less favorable, because of the Pauli repulsion between a very diffuse 4s orbital of the Co atom and the π electrons of the PAH surface, and on the contrary the occupation of the 3d orbital becomes more favorable due to the shielding of the Coulomb repulsion in the 3d shell of the Co atom. 78 This is in agreement with previous studies where it is found that the doublet state is the groundstate of Co/C complexes. 78, 80, 148 In this situation, the hybridization between the 3d orbitals of the Co atom, which is now become almost filled and the π * orbitals of the PAH molecule is more feasible, because the 4s orbitals of the Co atom are almost empty and the atom-surface repulsion is therefore much weaker. The adsorption energy for the Co adatom is found to be −1.04 eV for the hollow configuration, Fig. 3a , for the ground spin state (3d 9 4s 0 ) which is in range of the adsorption energy predicted by DFT studies (∼1 eV). The quartet state (3d 7 4s 2 ) is higher in energy by 0.62 eV. The doublet-quartet separation is in close agreement with the experimental inter-configurational energy between the doublet and quartet states of a free Co atom of 0.86 eV, 103 and confirm this transition upon adsorption. The adsorption energy for the Co atom on the top and bridge sites (Figs. 3b and 3c ) are −0.45 and −0.57 eV, respectively. Despite the fact that the interpretation of < S 2 > is not entirely straightforward for unrestricted DFT as in the case of UHF, 149 we checked the degree of spin contamination by comparing the expectation value < S 2 > with the ideal value, S(S + 1). Hence, the degree of spin contamination is calculated to be less than 10% for all relavant calculations, as seen in Table 4 . The Hirshfeld charge 98 analysis gives the effective charge transfer between the Co atom and the PAH surface. For all configurations we found that electrons are transferred from the Co atom to the surface, resulting in a positive charge on the Co atom. The magnitude of the charge is the largest for the top site (0.27 e) and the smallest for the hollow site (0.20 e). By comparing the Co-C bond distance and the charge transfer on different sites, the magnitude of the charge transfer decreases with Co-C bond elongation. This is consistent with the chargetransfer model based on a modified electronegativity equalization scheme, 150 where the amount of charge-transfer depends strongly on the bond length. The spin multiplicities have a large effect on both structural and electronic properties of the Co-PAH complex. At all three different adsorption sites, the Co-C bond distance is increased due to increasing the Pauli repulsion between the 4s state of the Co atom, changing from the doublet to the quartet states, and the p z orbitals of the PAH surface. Hence, the adsorption energies and the charge transfers indicate a significant decrease from doublet to quartet states. The Co-PAH interaction shows a physisorption character for the quartet state, in agreement with the potential energy curve obtained the by complete active space self-consistent field (CASSCF) approach, 78 which will be discussed later. An important feature of the TM adatoms upon absorption on graphene is their different magnetic behavior. 151 The magnetic moment of the Fe atom is reduced by 2 µ B 152 and the magnetic moment for the Mn atom is enhanced by 0.56 µ B , 152 whereas the magnetic moment of the Cr atom does not change upon adsorption. 151 We therefore calculated the magnetic moment of the isolated Co atom and compared it with the corresponding value of the Co adatom on the PAH surface at different adsorption sites. The isolated Co atom at the ground state (quartet state) possesses the magnetic moment of 3 µ B , which is larger than the magnetic moment of the bulk Co (1.73 µ B /atom). This value is reduced upon adsorption on the PAH surface to 1.18, 1.12 and 1.07 µ B , for the top, bridge and the hollow sites, respectively, and is thus dependent on the adsorption site. There might be two reasons for the reduction of the magnetic moment from the isolated to the adsorbed atom: one is the charge transfer between TM atom and the carbon surface, such as for the early transition metals like Ti and Zr, where ionic bonding is more prominent with a large amount of charge transfer from the adatom to the carbon. 153 The other reason is that electrons shift from one state to another state, such as for the middle transition metals like Fe, 152, 153 Pt 42 and Co atoms, where the M-C bond has more covalent than ionic character with more hybridized states of carbon and adatoms. The interaction of the Co atom with the PAH surface is chemisorption which involves a hybridization between the d orbitals of the Co atoms and the p z orbitals of the carbon atoms, in agreement with previous studies. 12, 145, 154 To further investigate the effects of metal binding to the PAH surface and understand the electronic structure of these systems, we analyzed the density of states obtained from the spin-polarized DFT calculations. The electronic structure of the PAH is strongly perturbed by "chemisorption" but it is essentially preserved in the weak binding "physisorption" regime. 145 Fig. 4 shows the TDOS and PDOS of the Co-PAH complex for the different adsorption sites. The electronic structure of the Co-PAH complex has a minor difference between the top and bridge sites, and we therefore only show the DOS of the top and hollow sites. As shown in Fig. 4 , the electronic structure of the PAH surface is perturbed by adsorption of the Co atom. The Fermi level (E f ) of the PAH surface is shifted upward by 0.50, 0.47 and 0.21 eV for the top, bridge and hollow sites, respectively, which is due to electron transfer from the Co adatom to the PAH surface. The analysis of the PDOS clearly indicates that the DOS distributes symmetrically for both majority and minority spins of the 4s states of the Co atom, resulting a zero net magnetic moment from these configuration. The unequal distribution of the majority and minority spins of the d orbitals of the Co atom at the Fermi level is the origin of the spin polarization and magnetic moment in the Co-PAH complex. The 4s states of the Co atom is located above E f in both majority and minority spins for the hollow site and do not show a significant contribution to the occupied states, indicating a larger promotion of 4s electrons into the 3d states of the Co atoms and also the decrease of the magnetic moment of the Co atom. While for the top and bridge sites there are small contributions from both majority and minority spins of the 4s state into the occupied orbitals. The unfilled states above the Fermi level are the source of free carriers, which are responsible for most of the electron transport around the Fermi level. 155 According to Fig. 4 , the majority spin of the 3d states lies completely below E f for all three adsorption sites, while the minority spins are at E f for both top and bridge (a bit shifted upward) sites, and for the hollow site it splitted into two peaks above and below E f . The orbital occupation of the Co atom based on the Mulliken population analysis shows that 1.4 electrons are transferred from the 4s orbitals to the 3d orbitals, and 0.2 electrons also transferred from the 4s orbitals of the Co atom to the π orbitals of the PAH surface, according to the charge transfer analysis. But the net magnetic moment is reduced from 3.0 µ B in the isolated Co atom to 1.07 µ B in the Co adatom on the hollow site. The depletion of net magnetic moment, 1.93 µ B , suggest that the Co adsorption induces a magnetic moment to the PAH surface which is opposite to the moment of the adatom, and reduces the overall magnetic moment in the Co-PAH system. This is clearly visible from the PDOS analysis of the 2p states of the carbon atoms in the hexagonal ring in contact with the Co adatom (see Fig. 5 ). Furthermore, to investigate the effects of spin mul- tiplicity on the electronic properties of the Co-PAH complex, we analyzed the density of states obtained for the doublet and quartet states, for the hollow configuration, Fig. 6 . Fig. 6b , shows that the minority spin of the 3d states of the Co atom at the hollow site is shifted above E f , on the other hand the majority spin of the 4s state is located at the Fermi level and takes considerable contributions to the occupied states and participates in the spin polarization. Therefore, the hybridization between the localized 3d orbital of the Co atom and the π orbitals of the PAH surface is suppressed due to the Pauli repulsion between the π orbitals and the diffuse 4s states, which is the origin of the reduction of the adsorption energy by 1 eV from the doublet state to the quartet state.
Chemisorption or Physisorption?
The adsorption energy gives us a direct indication of the type (chemisorbed or physisorbed) of the metal-graphene interaction. There have been a numerous theoretical studies that focused on the Co/graphene interaction and they predict a relatively large adsorption energy, resulting from strong hy- bridization between the cobalt 3d-and graphene π-orbitals. 13, 152, [156] [157] [158] [159] Rudenko et al. 78 used a multi-configurational CASSCF formalism to reproduce the potential energy curves for different electronic configurations of the Co atom approaching the graphene surface. They found two binding mechanisms for these interactions. The first corresponds to a physisorption of the Co adatom in the high-spin 3d 7 4s 2 configuration (at the equilibrium distance of 3.1Å), and the second results from the chemical bonding formed by strong orbital hybridization in the low-spin 3d 9 4s 0 state (at the equilibrium distance of 1.6Å). Our calculated adsorption energy and also the DOS analysis predict a chemisorbed interaction between the Co adatom and the PAH surface at the equilibrium distance of 1.65Å, which is consistent with these potential energy curves. While a typical binding energy of a physisorption is small (50−200 meV) and a binding energy of more than 500 meV is considered as a chemisorption, 79 the Co-graphene interaction with an adsorption energy of 970 meV has been considered as a physisorbed interaction. 10 From the experimental side, the layer-spacing between the graphene sheets and metal surfaces would be an important resource for a better understanding of these interactions. For the metal-graphene, spacing values between approximately 2.1 and 3.8Å
have been found, depending on the metal, 160 and if a graphene sheet is physisorbed on a metal surface, one would expect a distance comparable to the layer spacing of 3.35Å in bulk graphite. 160 An STM measurement reported a spacing of 1.5−2.2Å between the graphene film and the Co(0001) surface, 161 indicating a strong interaction between the Co/graphene interface layer. In the case of the adatom adsorption, one can measure the island density upon the metal adsorption and get more information about the diffusion of the adatom on the graphene surface using STM experiment. According to the classical theory of nucleation, for fast diffusion the island density is low and for slow diffusion the island density is high. 162 The activation energy for in-plane migration of the Au and Pt atoms on the graphene sheet (at 600 • C) is measured around 2.5 eV using transmission electron microscopy studies, 163 indicating covalent bonding between the metal and carbon atoms. While Johll et al. 10 suggested a physisorbed interaction between the Fe adatom and the graphene surface, Liu et al. 159 measured a high island density of 4.3 × 10 3 islands/Å 2 for the Fe deposited on the graphene at room temperature, indicating a high diffusion barrier.
Co dimer on the PAH surface
For adsorption of the Co dimer on the PAH surface, there are also several possibilities and initially, as for the Co-PAH system, we looked at many more adsorption configurations, but we only present six configurations as representative for the bridge, top and the hollow sites, including both parallel and perpendicular configurations of the dimers on the PAH surface. The distortion of the PAH molecule and the Co dimer upon adsorption at the parallel configuration and at different adsorption sites are shown in Fig. 7 . For adsorption of the Co dimer on the PAH surface, as for the Co-PAH complex, we also did a constraint optimization to find the adsorption energy of the Co dimer on the highly Table 5 Results for the parallel Co dimer adsorbed on the C 54 H 18 molecule with configurations according to Fig. 7 for different spin multiplicities (2S+1). The adsorption energy (E ads ), interfacial interaction energy (E int ), Co-Co distance (d Co−Co ), Co-C distance (d Co−C , distance between the Co atom and nearest carbon atoms), adsorption height (h) of the Co atom with respect to the averaged z coordinates of the C atoms in the PAH molecule, magnetic moment on each Co atom (M), the Hirshfeld atomic charge and the < S 2 > values are given. symmetric adsorption sites. After a complete relaxation of geometry, the Co dimer moves away from the top and bridge sites, which is consistent with the results from the Co-PAH complex. Furthermore, we also calculated the vibrational frequencies for the stationary points. For the hollow configuration, no imaginary frequency is observed indicating it is a stable minimum on the potential energy surface. But for the bridge and top configurations, a single imaginary frequency of −101.76 and −66.21 cm −1 , respectively, showing that they are not minima on the potential energy surface. All structural, electronic and magnetic properties of the parallel Co dimers on the PAH surface, for different spin multiplicities (2S+1), are given in Table 5 . The adsorption energies for the ground state of the parallel Co dimers adsorbed on two neighbouring bridge (Fig. 7b) , top ( Fig. 7d) and hollow ( Fig. 7f ) sites of the PAH surface are found to be −2.76 and −2.23 and −2.94 eV, respectively. These values are significantly more attractive than the adsorption energies of two separated Co atoms on the bridge (Fig. 7a) , top ( Fig. 7c) and hollow ( Fig. 7e ) sites of the PAH surface, by −1.15, −0.98 and −2.21 eV, respectively, indicating that aggregation of the Co atoms on the PAH surface is favorable, in agreement with observations by STM. 164 Comparing the three adsorption sites, we can conclude that the hollow site is the favorable adsorption site for the parallel Co dimer, as compared to the bridge and top sites. The Co-C bond distance increases with the coordination of the Co atom, from the top over bridge to the hollow sites.
In addition, we also placed the Co dimer in a perpendicular configuration to the PAH surface on the three adsorption sites, and optimized the structures (see Fig. 8 ), and the results are given in Table 6 . According to the frequency analysis, the hollow site is here also found to be a stable minimum on the potential energy surface whereas the bridge and top configurations, with the frequencies of −104.76 and −88.53 cm −1 , respectively, are not minima on the potential energy surface. After a complete relaxation they move toward the hollow site and stay perpendicular to the PAH surface. The adsorption energies for the ground state of the perpendicular Co dimer on the bridge, top and the hollow sites of the PAH surface are found to be −3.40 and −3.32 and −3.92 eV, respectively, indicating that the hollow site is also here the most favorable adsorption site (see Table 6 ). For the perpendicular configuration, the Co-C bond length for the top, bridge and hollow sites are found to be 2.09, 2.11 and 2.14Å, respectively, which also increases slightly with the coordination of the Co atom. The Co-Co bond length of 2.02, 2.07 and 2.06Å for the top, bridge and the hollow sites, respectively, represent a small deviation from the bond length of the free dimer, which is calculated to 1.96Å for the ground state. From the adsorption energies, E ads in the Tables 5 and 6, we conclude that the adsorption of the perpendicular Co dimer is more stable than the parallel dimer. This is in agreement with previous theoretical calculations. 117, 118 The adsorption energy has two important contributions, the Co-Co interaction energy and the interaction energy between the dimer and the surface. For example, the perpendicular Co dimer at the hollow site (Fig. 7c) , has the adsorption energy of −3.92 eV for the ground electronic state (see Table 6 ). This value should be compared to the sum of the binding energy of the free dimer, −2.42 eV, and the adsorption energy for two isolated Co atoms on the PAH surface, where the adsorption energy for the isolated Co atom on the hollow site is −1.04 eV. The binding energy of the dimer with the PAH surface is significantly lower than the value expected simply from the sum of the binding energy of the isolated adatoms. The reason of this reduction is a weaker dimer bond on the surface and a weaker Co 2 -PAH interaction compared to the isolated adatom interactions, which is due to rehybridization effects. 165 In that work, 165 it was shown that the presence of a neighbouring Al atom weakens the Al-substrate bond and also the presence of the substrate weakens the Al-Al bond, because the valence electrons involved in the dimer bond relocate and participate in the Al-substrate bond. Therefore binding of a single Co atom to the surface is stronger than binding of a Co dimer to the surface. Hence the Co-C bond length in the Co-PAH complex is mostly shorter than the corresponding bond length in the Co 2 -PAH complex. The interfacial interaction energy, E int , which measures the interaction energy of the Co dimer with the PAH surface is also given in Tables 5 and 6 . E int for the perpendicular configuration is more attractive than for the parallel configuration, due to the energy penalty resulted from the Co-Co bond elongation in the parallel configurations. Therefore, the perpendicular adsorbed Co dimer on the PAH surface is more stable than the parallel Co dimer. In contrast to the Co-PAH system, the interaction of the Co dimer with the PAH surface is not accompanied by a change in the spin state, and the most stable spin state is still the quintet state. This confirms that the Co-C interaction is weaker than the Co-Co interaction. For two separate Co atom on the PAH surface (see Fig. 7 and Table 5 ), the triplet state is found to be the most stable state, which means each Co atom has one unpaired electron as for the Co adatom on the PAH surface, where the doublet state was the most stable spin state. The small deviation of the expectation value < S 2 > from the ideal value, as seen in Tables 5 and 6 , confirm again the good performance of the S12g functional for calculating the spin states of transition metal complexes.
The Hirshfeld charge analysis 98 shows also a positive charge for the Co dimer on the PAH surface, but the magnitude of the charge transfer between the Co dimer and the PAH surface is smaller than the amount of the charge transfer from the Co adatom to the PAH surface (see Tables 4, 5 and 6). It is found that for the perpendicular Co dimer, Fig. 8 , the Co atom in contact with the PAH surface lose more partial electronic charge than the Co atom further from the PAH surface and form an electric dipole moment. However, for the parallel Co dimer, Fig. 7 , the Co atoms lose almost the same amount of electrons. We also calculated the projected magnetic moment of each Co atom in the Co 2 -PAH complex at different adsorption sites and different configurations.
As for the adsorbed Co adatom on the PAH surface, the projected magnetic moment of the two separated Co atoms are also reduced upon adsorption and the amount of reduction is dependent on the adsorption site. This is actually expected because the charge transfer that occurs between the Co adatoms and the PAH surface and also the promotion of electrons from 4s to 3d states of the Co atoms during the adsorption, change the populations of the d and s orbitals of the adatoms. But for the adsorption of the Co dimer, the spin state and the projected electronic configuration on the Co atoms retain the characteristics of the free Co dimer. Therefore the net amount of the charge transfer from the Co dimer to the PAH surface is small and also the total magnetic moment of the Co 2 -PAH complex, which is mainly localized on the Co atoms, is almost retained upon adsorption. For the perpendicular Co dimer, the projected magnetic moment on the Co atom further from the PAH surface (Co 2 ) is increased with respect to the Co atoms in the free dimer, but for the Co atom in contact with the PAH surface (Co 1 ), the projected magnetic moment is reduced in respect to the corresponding value of the Co atoms in the free dimer.
Figs. 9a and 9b show the DOS of the Co dimer adsorbed on the hollow site of the PAH surface for the parallel and perpendicular configurations, respectively, together with the individual contributions from the 3d and 4s states of the Co atoms. Both the majority and minority spin of the PAH surface are significantly modified around the Fermi level, demonstrating a change in the electronic structure of the PAH surface upon adsorption of the Co dimer. The Fermi level of the PAH surface is shifted upward by 0.7 and 0.5 eV for the parallel and perpendicular dimer, respectively, indicating charge transfer from the Co dimer to the PAH surface. Fig. 9 , clearly shows that both the majority and minority spin of the 3d and 4s of the Co dimer are responsible for magnetism in the Co 2 -PAH complex. For the parallel Co dimer, the majority spin of the 4s states of the Co atoms are located at the Fermi level and the minority spins are shifted above E f . However, for the perpendicular dimer, both the majority and minority spins of the 4s states of the Co atoms are below the Fermi level and participating in the hybridization with the Co 3d and C 2p states, resulting in stronger hybridization and increasing the adsorption energy by 0.98 eV more than the parallel configuration. The majority and minority spins of the 3d states of the Co atoms in the perpendicular adsorption are split into two peaks, which the majority spins are spanning below the E f and the minority spins are spanning at Fermi level. For the Co atom further from the PAH surface, the minority spin of the 3d states are moved further up from E f and have less contribution to the occupied states than the minority spin of the 3d states of the Co atom closer to the PAH surface. This is the origin of the difference in the magnetic moment of the Co atoms in the perpendicular dimer on the PAH surface, which comes from the antiferromagnetic coupling of the Co atoms in this configuration. The bonding character from DOS analysis agrees well with the results from adsorption energy and suggest a strong chemisorption of the Co atom and dimer on the PAH surface. Therefore, the Co adatoms interact with the PAH surface, resulting in a modification in the electronic properties of the Co adatoms and it is well known that the catalytic activity of the metal particles strongly depends on their electronic properties. 166 Our results also show a charge transfer from the Co adatoms to the PAH surface and suggest that modifying the conditions for charge transfer from the Co adatoms to the PAH support may yield significant changes in catalytic behavior.
Conclusions
A detailed density functional study of the Co adatom and dimer adsorbed on a PAH surface is presented. The nature of the interaction between the Co atom and dimer with the PAH surface is elucidated. The results are analyzed in terms of structural, electronic and magnetic properties. It was shown that the circumcoronene molecule can successfully use as the model for representing the graphene surface in this study. The adsorption energy indicates that the Co adatom adsorb on the hollow site of the PAH. Due to rehybridization effects, binding of the single Co atom to the surface is stronger than binding of the Co dimer to the PAH surface. A small charge transfer takes place from the Co atom and dimer to the PAH surface giving a positive charge on the Co adatoms, which modifies the catalytic activity. In general the modification of the atomic charges by the binding of metal particles to a carbon-supported material can be used to tune the catalytic properties of the metal particles. The bonding character of the Co atom and dimer adsorbed on the PAH have a covalent component, arising from strong hybridization between the d orbitals of the Co adatoms and p z orbitals of the surface-carbon atoms. Upon adsorption, the magnetic moment of the Co atom is reduced depending on the adsorption sites and adsorption configurations. The total reduction of net magnetic moment suggests that the Co adsorption induces a magnetic moment to the PAH surface which is opposite to the moment of the adatom and reduces the overall magnetic moment in the Co-PAH complex. Density of state analysis shows a promotion of electrons from 4s states to the 3d states of Co adatom upon adsorption, which is the main contribution of the magnetic moment reduction. For the perpendicular Co dimer, the projected magnetic moment on the Co atom further from the PAH is increased, due to the antiferromagnetic coupling between Co atoms in this configuration. These results provide insight into the modification of the PAH surface to enhance its bonding with the Co atom and dimer, which may be a guide for experimental groups that are considering the use of atoms and molecules as building blocks for designing a new metal-carbon nanostructures and carbon-based catalysts.
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